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Abstract 
In this paper we deal with container assignment optimization on an intermodal network. We propose a linear programming 
model, following a frequency based approach, addressing both the maritime and the inland component, and taking into 
account custom times at ports and service frequencies. The proposed arc-based formulation, in which only variables related to 
arcs which actually exist are explicitly created, is particularly suitable for very large but sparse networks, typical in maritime 
long distance transport, because it allows strongly reducing the number of variables involved. Finally, we discuss 
computational results obtained on a real size instance. 
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1. Introduction 
In the latest decades the increase of container shipping services followed the growth of new markets, and 
resulted in a strong competition among European ports, each of them working to strengthen its role as gateway 
for imports and exports. Maritime transport accounts for the largest share of world traffic and, every year, 
millions of containers are moved. Much of that container traffic is handled by a limited number of gateway ports, 
whose overloading may result in delays of loading/discharging operations. 
This research focus on maritime container transport, with the formulation and test application of a model that 
benefits from the availability of some real world data and aims to include the inland leg of container transport, 
albeit in a simplified way, as well as the constraints due to vessel capacity and port processing times. The 
objective is global travel time minimization. The final goal of this work is to be able to test traffic patterns in 
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terms of their sensitivity to each component of generalized transport costs. Costs associated to ports and inland 
legs of transport are important since they may make a difference in the choice of ports by the shipping lines and, 
therefore, on the traffic that roads and railway in the hinterland of ports have to cope with. The viewpoint of the 
model may be that of a shipping company that can use it to reduce total shipping times with the resulting increase 
in service quality. Test problem, used also in the description of the network considers container traffic from China 
to Europe. 
Given the huge number of maritime services characterized by different frequencies, travel times and capacity, 
identifying the best path between each origin-destination pair is not a trivial issue, and not one that may be solved 
by hand. Moreover, the optimal flow assignment for global travel time minimization on the network does not 
necessarily correspond to finding the shortest path from each origin to each destination, a problem widely 
addressed in the literature (see e.g. Deo and Pang (1984), Gallo and Pallottino (1986) and Festa (2006). Maritime 
services’ frequencies may play a crucial role into the best path identification. Port processing times, duty check 
times and inland travel times may be also as important and depend and the magnitude of traffic at each port. 
In this work we assume that travel time perceived by the users is given by the sum of the actual maritime travel 
time and the waiting time due to services being available only at given intervals –that is with a given frequency-, 
since they are operated on timetables. This is particularly relevant for intercontinental shipping and even more so 
for small ports that do not enjoy direct intercontinental connections. It is instead assumed, as a first 
approximation, that the issue of limited frequency of inland rail services may be disregarded, at least in 
comparison with frequencies typical of maritime transport.  
Although literature on freight transportation is large, containers assignment on intermodal networks is still an 
open issue. In Perrin et al. (2008), for each origin-destination pair a set of routes is generated by a k-best path 
algorithm and a logit route choice model is applied. A frequency based model for a maritime network with port 
rotations services, also able to manage also empty containers flow, is presented in Bell et al. (2011). That paper 
adapts the classic frequency based transit assignment method proposed in Spiess and Florian (1989) to maritime 
container transport. As for inland transportation, de Jong et al. (2004) offer a survey on international, national and 
regional freight flow plans while Tavasszy (2006) reviews academic work on freight model development. 
While earlier approaches were essentially based on choice models, in the 1980s general equilibrium principles 
were applied to freight networks, explaining simultaneously the generation, distribution, mode split and 
assignment of freight flows (Harker and Friesz (1986a) and Harker and Friesz (1986b)). Those models were 
extended in Crainic et al. (1990) by introducing commodity differentiation, probabilistic choice models and 
inventory considerations. Chang (2008) proposes a nonlinear model for best route selection on an international 
intermodal network which is not explicitly solved while solutions reported are obtained with a heuristic method. 
In this paper we extend the frequency based approach introduced by Bell et al. (2011) to an intermodal 
network, adding services capacity constraints, loading/unloading and duty check times while empty containers 
repositioning is not treated. The aim of the model is to minimize the total travel time on the network computed as 
the sum of the travel times of each container for going from its origin to its destination. Since maritime travel 
times are generally much larger than inland ones, a scaling factor is used to compare them, otherwise the 
maritime leg of the chain would play the main role in the path decision process making the inland component 
almost negligible. 
In Section 2, we describe the network considered in this work, while the mathematical model is explained in 
Section 3. Section 4 reports the results of tests of the model on a large size real instance of the problem with an 
analysis of the effect of different parameter on the optimal solution provided, is reported. Finally, Section 5 is 
devoted to conclusions and future developments.  
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2. Network description  
In this paper we consider an intermodal transportation chain composed by three legs. The first one represents 
maritime transfers from origin ports to gateway ports. Due to the test application we aim for, origin ports are 
assumed to be located in the Far East while gateway ports are in Europe. 
The second leg of the considered transport chain represents transfers among gateway ports, i.e. in our practical 
setting transfers between European ports due to feeder shipping. 
The last leg of the chain represents the inland component of the distribution, in which containers are routed 
from gateways to final destinations by road, rail or a combined road-rail path. 
The network is composed by three categories of nodes: origin ports, gateway ports and destinations, and two 
categories of links, maritime and inland. Such elements of the network are described below. 
2.1. Nodes 
There are three types of nodes: origin ports, gateway ports (also called transit ports), and destination nodes. 
Each node belongs to one and only one of these categories. Since the model aims to address incoming flows in a 
given area, this simplification does not imply any loss of generality. If a gateway port is also a destination zone, 
the node is split into a transit node and a destination node. Each node type has its own characteristics: 
• Origin ports do not have any limitation on the capacity and are connected with at least one gateway port (they 
can even be connected to all gateway ports). No connections among origin ports are considered. 
If, in the real network there is a service connecting origin port A, origin port B and gateway C, for the purpose 
of the model A is considered directly connected to C, with a travel time equal to the sum of travel times spent 
to go from A to B and to go from B to C plus time spent in port B. 
For each origin port and each destination, a demand is given, expressed as number of containers travelling 
from origin port to destination. Containers are supposed to be directly located at the origin port. 
• Gateway ports, also called transit nodes, are characterized by a limited capacity. Moreover, 
loading/unloading times and duty-check times are given and fixed for each gateway port. Each gateway port is 
connected with at least one origin port (potentially even with all origin ports) but only by incoming links, i.e. 
from origin ports it is possible to reach a gateway port but the opposite is not allowed. Since here we are 
addressing only incoming flows, this assumption allows reducing the number of links without losing 
generality. Gateway ports also may be connected to one another, to represent feeder traffic.  
• Destinations are located inland and each is connected to the gateway ports with a direct link, representing the 
shortest path to reach it from that gateway, by road, rail or a combination of the two, and which has been 
computed in a preliminary phase. Each destination requires a given demand from each origin (which may even 
be null for some origins). 
2.2. Links 
There are two types of links, maritime and inland, each one with its own characteristics, as described below. 
• Maritime links are those between pairs of origin ports and gateway ports as well as those between pairs of 
gateway ports. 
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As for intercontinental links, there may be more than one link connecting an origin port to a gateway port, and 
each such link belongs to a different service with given travel time and frequency. Each service has a known 
limited capacity. The quantity of containers traveling on the service is computed as the sum of the quantity of 
containers traveling on each link belonging to the service. 
For links connecting gateways we know the global capacity of the link which is computed as the sum of the 
capacity of all the services operating that link. 
Travel times on maritime links are expressed in days. 
• Inland links. Since our attention is focused more on the maritime component of the network, the inland one 
has been simplified. Inland links are supposed to be direct links, i.e. multimodality is not explicitly considered 
in this model. The shortest path between a gateway port and a destination is given as input and calculated in 
advance by a separate model working on an inland network, and able to account for different modes (rail, road 
and combined paths). 
Travel times on inland links are expressed in hours. 
Inland multimodal transport is treated as a separate problem and a priori solved. This simplification can be 
considered acceptable under the following assumptions 
• Inland services are considered to be immediately available when requested. This may be 
assumed to hold true for road transportation since it is carried out by dedicated trucks, but it is 
generally not true for rail services. However, it is considered that the tighter frequency of rail 
services when compared with the frequency of maritime service is sufficient to satisfy this 
assumption as a first approximation. 
• No limits on the inland services capacity are imposed and no arc congestion is considered.  
These kinds of constraints may be an issue particularly for inland roads and railways close to ports. 
However we assume that congestion of roads is already accounted in travel times computed 
separately and input to the present model. As a first approximation we assume no variation of such 
travel times when container inflow at a port changes. As for truck availability, this would require an 
even more detailed level of modelling than congestion on links and is not considered. 
For what concerns rail transport, similarly to what was done for road transport, it is assumed that 
travel times input to this model derive from information on scheduled services and capacity limits 
are disregarded, again as a first approximation, thanks to how frequent rail services are when 
compared to the frequency of maritime transport. 
3. Model formulation 
Container assignment is mainly a cost driven problem. Nevertheless, it is very difficult to identify actual path 
costs and generalized path costs. Some cost elements can be rather easily quantified, like duty check times or 
handling costs, while others are more difficult to obtain, such as total shipping costs. Furthermore, other factors, 
like economies of scale, are involved in the global cost determination, introducing non linearity aspects. Travel 
times and frequencies of the whole offer of transcontinental services are available on the web, while real costs are 
very difficult to be determined and can vary considerably during the year. Our goal was to propose a linear 
programming model for the problem which may be solved to optimality, and at the same time, applied on real 
cases. Therefore we decided to use travel times as generalized costs to be minimized. Maritime travel times for 
transcontinental routes are of the order of several days, while inland times are of the order of hours, or a few days 
for longer distances. Therefore, a scaling factor Ȗ has been introduced to make maritime and inland travel times, 
which are of different order of magnitude, comparable to one another. Without this scaling factor, the inland 
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component would become negligible with respect to the maritime one, and, consequently, its influence on the 
path choice would become null.  
Summarizing, the problem tackled in this work consists of minimizing the total travel time spent by containers 
on the network, including loading/unloading and duty check times at ports other than dwell times given by port 
congestion, without violating the following constraints: customer demand must be satisfied  (each destination 
must receive the requested number of containers from each origin), service capacities must be respected and 
waiting times on a link must depend on the ratio between flow on the arc and frequency with which the service, 
to which it belongs, is operated. 
3.1. Definitions and notations 
Let us introduce the following concepts and parameters to be used as input data for the model: 
•   I  set of origin ports 
•   J  set of destinations 
•   K set of gateway ports 
•   S set of services 
•   A set of arcs connecting an origin to a gateway (first-leg arcs) 
•   B set of arcs connecting two gateways (second-leg arcs) 
•   T1a  travel time on arc a (expressed in days) 
•   T2b  travel time on arc b (expressed in days) 
•   T3kj  inland travel time from port k to destination j (expressed in hours) 
•   Ek   duty-check times at port k (expressed in days) 
•   Qij  demand of containers from origin i to destination j
•   Ls  capacity of service s (expressed in number of containers) 
•   Mb  capacity of link b (expressed in number of containers) 
•   F1a  frequency with which arc a is operated 
•   F2b  frequency with which arc b is operated 
•   oa origin from which arc a starts
•   da gateway where arc a arrives 
•   ıa service to which arc a belong 
•   gb gateway from which arc b starts 
•   hb gateway where arc b arrives 
•   Ȗ scaling factor 
and the following variables: 
•  Xaj  integer variable representing number of containers traveling on arc a directed to destination j
•  Ybij integer variable representing number of containers traveling on arc b arriving from origin i and 
directed to destination j
•  Zikj integer variable representing number of containers coming from origin i and traveling on the 
inland  network from gateway port k to final destination j 
• W1aj continuous variable representing waiting time on arc a for containers directed to destination j  
• W2bij  continuous variable representing waiting time on arc b for containers arriving from origin i and 
directed to destination j  
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The mathematical model can be formulated as follows: 
min 1 2 3 1 2a aj b bij kj ikj aj bij k ikj
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The objective function is given in (1). It is composed by six terms. The first three terms are related to time 
spent: sailing from origin to gateway ports; between gateway ports; and with the inland component of the 
network. Waiting times are expressed by the fourth and fifth terms, for first-leg and second-leg arcs, respectively. 
Duty check times are taken into account by the sixth term. Constraints (2) and (3) ensure demand satisfaction, 
while flow balance at transit nodes (gateway ports) is guaranteed by constraint (4). Constraints (5) and (6) ensure 
that services capacity along the first-leg comply with the link capacity along the second-leg. Constraint (7) and 
(8) bind dwell times at ports with incoming flows and service frequencies. As stated in Bell et al. (2011), this 
constraints allow the identification of more attractive paths, instead of only the shortest one, and split the 
container assignment among them, limiting delays in the transportation process given by ports congestion and 
overcrowding.  Finally, constraints (9) - (11) define the domains of variables. 
4. Computational results 
The model proposed above has been tested on a large size instance coming from a real application. In more 
detail, we discuss tests from a model representing flow of containers from China to Europe. We collapsed all the 
Chinese ports in one origin port, named China. The 50 largest European ports, in terms of throughput, have been 
modeled explicitly as gateways, while 108 destination zones have been considered. 
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The focus zone of the project for which this model is developed is Italy, where each zone represents a region 
(NUTS 2). Central and Western Europe are modeled as macro regions (NUTS 1), while for other areas of Europe 
each Country (NUTS 0) is represented just by one destination zone. 
Services frequencies, travel times and ship capacities have been taken from data by the shipping companies, 
while the origin-destination matrix, expressed in tons shipped in a year, has been constructed using data taken 
from Comext, a statistical database on trade of goods managed by Eurostat, the Statistical Office of the European 
Commission. The matrix expressed in tons has been transformed into one expressed in TEUs by means of a 
scaling factor. Service capacities have been computed multiplying the capacity of the ship operating the service 
by the number of services carried out within a year. 
The generated instance of the problem thus created can be considered quite large, since it involves almost 
180,000 constraints and more than 350,000 variables. 
The goal of the tests reported here was twofold. First, we wished to analyze model performance of the model 
on a large size instance, and, second, we meant to test how model parameters, and the frequency based approach, 
may influence the final solution provided by the model. Note that in the tests reported the scaling factor Ȗ is set to 
test values that are not yet realistic, since calibration of Ȗ has not been carried out, yet. 
We report the analysis of four scenarios. In the first one, we consider the scaling factor Ȗ practically equal to 0, 
so that the inland component is neglected. The frequency based approach is not used, i.e. constraints (7) and (8) 
are not activated, and the duty-check times Ek are supposed to be equal for all the gateways. 
In the second scenario, we add the inland component. 
In the third one, we add also the frequency based approach, and in the fourth we differentiate, by nation, duty-
check times at ports using values, expressed in days, provided by the Doing Business Project 
(www.doingbusiness.org) .  
Figures 1 to 4, report for each destination zone, the gateway from which it is served, i.e. the port from which 
containers are delivered to the destination by an inland path. For destinations served by more gateways, the one 
with the largest share is depicted. 
Scenario 1, as mentioned, is obtained with a very small value of Ȗ, representing a case where the inland 
component is almost neglected. As we can notice in Figure 1, results obtained are clearly unrealistic, since there 
are ports serving destinations zone very far from them, like Napoli which works as main port for some Belgian 
and Austrian regions and for Romania, and Leghorn which serves Moldova and Croatia. The test confirms that in 
a real analysis inland travel times cannot be neglected. 
Taking into account inland travel times (see Figure 2) we obtained a more realistic situation in which the role 
of Napoli is limited to South of Italy and Albania, while Leghorn serves only regions in Central Italy. 
In the third scenario we add also the frequency component, we notice the growth of the influence area of main 
European hubs, like Rotterdam, but also Genoa (see Figure 3) which are accessible with higher frequency 
services. A smaller number of gateways is active while more gateways were depicted as handling the largest 
share of throughput for the various destinations in the previous scenario. In this scenario Leghorn and La Spezia 
are completely replaced by Genoa, Vigo by Algeciras and Marseille by Le Havre and Genoa, while the role of 
Hamburg is strongly reduced by the growth of Rotterdam influence area. 
When considering the last scenario (see Figure 4) we notice how Rotterdam, which has very low duty-check 
times, strongly increases its influence area, acting as main hub for a very large number of destination zones, 
sensibly reducing the influence areas of Italian, French and Russian ports, characterized by a lower efficiency 
level in duty-check operations. 
The model has been run, using the commercial solver Xpress, under a machine with an Intel Core I7 processor 
working at 1.8 Ghz with 8 Gb of Ram, and took less than 3 seconds to solve the problem to the optimality. Since 
numbers involved in this instance are very large, the integer variables could be well approximated by continuous 
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variables. We tested this option, and we noticed that, in our the optimum of the continuous problem is equal to 
the optimum of the integer one, and the continuous problem can be solved in a time which corresponds to half of 
the computational time required by the integer one. The proposed arc-based formulation, in which only variables 
related to arcs which actually exist are explicitly created, is particularly suitable for very large and sparse 
networks, i.e. maritime long distance transport, because it allows strongly reducing the number of variables 
involved. 
Fig. 1. Main ports serving inland destinations in Scenario 1 
             
Fig. 2. Main ports serving inland destinations in Scenario 2 
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           Fig. 3. Main ports serving inland destinations in Scenario 3 
                              
       Fig. 4. Main ports serving inland destinations in Scenario 4 
1072   Maurizio Arnone et al. /  Procedia - Social and Behavioral Sciences  111 ( 2014 )  1063 – 1072 
5. Conclusions and future developments 
In this paper we deal with container assignment optimization on an intermodal network. We propose a linear 
programming model, following a frequency based approach, addressing both the maritime and the inland 
component, and taking into account duty check times at ports and services frequencies. Computational results 
show the efficiency and the effectiveness of the approach proposed, even on large size instances.  Moreover we 
tested different scenarios, taken from a real size case, in order to assess the effect of the different component of 
the model on the final solution. Future developments would involve calibrating the model parameters. Another 
issue to work on could be the use of generalized costs including actual shipping costs, travel times and 
externalities. A further challenge could be the development of heuristic algorithms able to address all worldwide 
shipping operations.  
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